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1. Introduction {#sec001}
===============

The muscarinic acetylcholine receptors (mAChRs) are involved in a broad range of brain functions, such as mnemonic, attentional, and cognitive processes \[[@pone.0237451.ref001]\]. Among a variety of learning paradigms, the hippocampus-dependent tasks such as spatial learning \[[@pone.0237451.ref002]\], contextual fear conditioning \[[@pone.0237451.ref003]\], and trace eyeblink conditioning \[[@pone.0237451.ref004]\] are especially susceptible to pharmacological manipulation of the mAChRs. This is consistent with the fact that the hippocampus receives cholinergic inputs originating from the medial septum \[[@pone.0237451.ref005]\] and the mAChRs are abundant in the hippocampus \[[@pone.0237451.ref006]\]. Because the classical eyeblink conditioning has several similar paradigms that differ in the degree of hippocampus-dependency \[[@pone.0237451.ref007]\], it will provide a good model to investigate the roles of the mAChRs in various processes performed in the brain during learning as well as expression of the acquired memory.

In eyeblink conditioning, the pharmacological blockade of the mAChRs severely impaired acquisition of the hippocampus-dependent trace paradigm in rabbits \[[@pone.0237451.ref004]\] and mice \[[@pone.0237451.ref008]\], while in the delay paradigm that does not require the intact hippocampus \[[@pone.0237451.ref009]--[@pone.0237451.ref013]\] it only slowed the learning rate in the delay paradigm in rabbits \[[@pone.0237451.ref004], [@pone.0237451.ref014]\] or did not impair the delay paradigm in mice \[[@pone.0237451.ref015]\]. Interestingly, the cerebellum-deficient mutant mice that require an intact hippocampus to learn a delay paradigm \[[@pone.0237451.ref016]\] showed a severe impairment with systemic administration of scopolamine \[[@pone.0237451.ref017]\].

We recently found that the serial feature-positive discrimination task in eyeblink conditioning, in which the hippocampal theta oscillation might play an important role \[[@pone.0237451.ref018]\], also depends largely on the mAChRs in mice \[[@pone.0237451.ref019]\]. The systemic administration of mAChR antagonist, scopolamine, selectively impaired acquisition of the memory for discrimination, but not the expression of the pre-acquired discriminative memory \[[@pone.0237451.ref019]\]. Although similar kinds of conditional discriminations tasks have been studied in rabbits \[[@pone.0237451.ref020]--[@pone.0237451.ref022]\] and rats \[[@pone.0237451.ref018]\], the detail of the involvement of the mAChRs in mice has not been investigated so far. Because amnesic patients also showed severe impairment in the serial conditional discrimination paradigm of eyeblink conditioning \[[@pone.0237451.ref023], [@pone.0237451.ref024]\], it is worthwhile to reveal the detail.

It is well known that the mAChRs are classified into five subtypes, termed as M1--M5 \[[@pone.0237451.ref025]\]. Among them, The M1 receptors are most abundantly expressed in the hippocampus, constituting 40--50% of the total mAChRs \[[@pone.0237451.ref026]--[@pone.0237451.ref029]\]. Studies showed that the M1 receptors are more related to memory functions compared to other mAChRs receptors \[[@pone.0237451.ref030], [@pone.0237451.ref031]\]. Besides, the M1 receptors are important for attention and memory in several learning tasks, such as passive avoidance \[[@pone.0237451.ref032], [@pone.0237451.ref033]\], contextual fear conditioning \[[@pone.0237451.ref034]\], radial arm maze \[[@pone.0237451.ref035]\], T-maze \[[@pone.0237451.ref036]\] and considered as a potential target for memory functions \[[@pone.0237451.ref037]\]. In the hippocampus-dependent trace eyeblink conditioning, it was shown that selective activation of the M1 receptors improved the memory in aged rabbits by enhancing the excitability of hippocampal pyramidal neurons \[[@pone.0237451.ref038]\]. Consistent with this, an electrophysiological study using mAChRs knock-out mice revealed that the M1 but not the M3 receptors are involved in the cholinergic enhancement of hippocampal long-term potentiation \[[@pone.0237451.ref039]\]. Immunohistochemical study also showed a selective increase in immunoreactivity of PKCγ isoform after trace eyeblink conditioning, suggesting the involvement of signaling pathways of M1 receptors \[[@pone.0237451.ref040]\]. In contrast to the abundance of M1 receptors in the pyramidal neurons \[[@pone.0237451.ref041]\] which are highly engaged in learning the hippocampus-dependent eyeblink \[[@pone.0237451.ref038]\], the M2 receptors are present only in the nonpyramidal neuron in the cortex and hippocampus \[[@pone.0237451.ref027]\]. In addition, they are densely expressed on GABAergic interneurons \[[@pone.0237451.ref042]\]. They play a vital role in the inhibitory modulation at dopaminergic terminals \[[@pone.0237451.ref041], [@pone.0237451.ref043], [@pone.0237451.ref044]\] as well as in a general anti-nociception at the spinal cord \[[@pone.0237451.ref045]\] but have a minor role in learning and memory compared to the M1 receptors \[[@pone.0237451.ref046]\]. Consistent with this, a significant correlation was found between the performance in spatial learning and the M1 receptor binding, but not the M2, in the hippocampus of aged monkeys \[[@pone.0237451.ref047]\]. The M3 receptors are found in the brain but at a lower level than other subtypes. They are mostly involved in regulating food intake \[[@pone.0237451.ref048]\] and body growth \[[@pone.0237451.ref049]\]. The M4 receptors are largely expressed in the corpus striatum and considered as a promising target for treating schizophrenia \[[@pone.0237451.ref050]\] and locomotor dysfunction such as Parkinson\'s disease \[[@pone.0237451.ref051], [@pone.0237451.ref052]\]. The M5 receptors are predominantly expressed in the pars compacta of substantia nigra and are the potential target for the treatment of drug addiction \[[@pone.0237451.ref053]\]. Therefore, we focused on the M1 receptors as the first candidate that plays an important role in the serial feature-positive discrimination task of eyeblink conditioning, although the other subtypes of mAChRs that constitute 50--60% of the hippocampal mAChRs might serve some roles in this learning as well.

In the previous study, we examined the roles of (mAChRs) in the serial feature-positive discrimination task of eyeblink conditioning in mice, using a non-selective mAChR antagonist scopolamine. Some studies showed that a selective M1 antagonist, VU0255035, produced a similar antidepressant response to the action of scopolamine through the medial prefrontal cortex \[[@pone.0237451.ref054], [@pone.0237451.ref055]\]. Therefore, it is likely that the M1 selective antagonist might impair the formation of the memory for serial feature-positive discrimination in eyeblink conditioning as well as scopolamine, although the established discriminative performance was not impaired by scopolamine \[[@pone.0237451.ref019]\].

In the present study, we investigated the roles of the M1 antagonist, in the serial feature-positive discrimination task in mouse eyeblink conditioning by using VU0255035, which has excellent brain penetration and a greater than 75-fold selectivity for the M1 receptors over other subtypes of mAChRs \[[@pone.0237451.ref056]\]. We found that systemic administration of VU0255035 impaired the acquisition of conditional discrimination, but did not disturb the performance of pre-acquired conditional discrimination, similarly to the effects of non-selective antagonist scopolamine in our previous work. These results suggested that the M1 receptors play an important role that could not be fully compensated by other subtypes during the formation of memory for conditional discrimination.

2. Materials and methods {#sec002}
========================

2.1. Animals and ethics statement {#sec003}
---------------------------------

Sixteen male 8-week-old C57Bl/6 mice were purchased from Japan SLC, Inc. (Hamamatsu, Shizuoka, Japan) and individually housed in standard plastic cages under a 12/12-h light/dark cycle at 24 ± 2°C with ad libitum access to food and water. The experiments were performed during the light period. All the experimental procedures were conducted following the NIH Guide for the Care and Use of Laboratory Animals and approved by the Experimental Animal Committee of the University of Toyama. Throughout the experiments, all efforts were made to minimize the number of animals used and to optimize their comfort.

2.2. Surgical procedures {#sec004}
------------------------

The surgical procedures were the same as in our previous study \[[@pone.0237451.ref019]\]. In brief, mice were anesthetized with ketamine (80 mg/kg, i.p.; Sankyo, Tokyo, Japan) and xylazine (20 mg/kg, i.p.; Bayer, Tokyo, Japan). During surgery, isoflurane (1--2%, Abbot Japan, Osaka, Japan) was used when necessary. Four Teflon-coated stainless-steel wires (140 μm in diameter, A-M Systems, Sequim, WA, USA) were subcutaneously implanted in the left upper eyelid. Two of them were used to record EMGs for the CR detection and the remaining two to deliver electrical shocks as the US. The connector pins soldered to the wires were fixed to the skull with the help of dental acrylic resin and stainless steel screws. Subsequently, mice were injected with ampicillin (100 mg/kg, i.p.; Meiji Seika, Tokyo, Japan), placed in a warm cage until they moved voluntarily, and then returned to their home cage.

2.3. Drugs {#sec005}
----------

The mice were blindly divided into the control and VU0255035 groups (n = 8 each). VU0255035 (Tocris Bioscience, Ellisville, MO, USA) was dissolved in the saline solution containing 5% DMSO (Wako, Osaka, Japan) and administered intraperitoneally at a final dose of 10 mg/kg \[[@pone.0237451.ref056]\] in a volume of 5 mL/kg. The control group received an equivalent volume of the DMSO-containing saline solution.

2.4. Conditioning procedure {#sec006}
---------------------------

The conditioning apparatus and procedures were the same as in our previous study \[[@pone.0237451.ref019]\]. After at least three days of recovery from the surgery, each mouse was placed into an acrylic cylinder, connected to a lightweight cable, and allowed to acclimate to the experimental apparatus (spontaneous session 1). The next day, mice received an intraperitoneal injection of the vehicle (5% DMSO) or VU0255035 15 min before the start of the session (spontaneous session 2). Mice were then conditioned in the serial feature-positive discrimination task with the daily administration of the vehicle or VU0255035 for 7 days (acquisition session 1--7). The conditioning was continued for additional three consecutive days (expression sessions 1--3) by switching the injected solution from the vehicle to VU0255035 in the control group and from VU0255035 to the vehicle in the VU0255035 group.

Each daily conditioning session consisted of a random sequence of 30 cued and 30 non-cued trials separated by an intertrial interval randomized between 60 and 70 s. The same type of trials did not repeat consecutively more than twice. In the cued trial, a sequence of the 2-s light cue, 3- or 4-s random delay period, 350-ms tone CS (1 kHz, 85--87 dB, rise and fall times of 5 ms), and 100-ms periorbital electrical shock US (100 Hz) co-terminated with the CS was presented ([Fig 1A](#pone.0237451.g001){ref-type="fig"}). The light cue was delivered by five green light-emitting diodes (3 cd each) on the sidewall of the chamber and the tone CS by a speaker over the cylinder. The US intensity started from 0.3 mA and was adjusted individually and daily for each mouse to elicit an eyeblink/head-turn response, which was monitored with an infrared camera. In the non-cued trial, the CS was presented alone without the US or the preceding light cue.

![Eyeblink serial feature-positive discrimination task in mice.\
(A) The schematic time sequence of the cue, the conditioned stimulus (CS), and the unconditioned stimulus (US). Thirty cued and non-cued trials were randomly performed in a daily session with intertrial intervals between 60 and 70 s. In a cued trial, a 2-s light cue was delivered randomly 5 or 6 s before a 350-ms tone CS, which co-terminated with a 100-ms periorbital electrical shock US. In a non-cued trial, the CS was presented alone without the preceding cue or the US. (B) Examples of integrated EMG of a mouse averaged over the cued (solid line) and non-cued trials (dotted line) in a session. The horizontal axis represents the time course (ms) and the vertical axis illustrates the magnitude of the EMG response (%).](pone.0237451.g001){#pone.0237451.g001}

2.5. EMG analysis {#sec007}
-----------------

The eyelid EMG was band-pass filtered between 0.15 and 1.0 kHz, sampled at 10 kHz, and analyzed using a custom-made program written in MATLAB (Mathworks, Natick, MA, USA) in the same way as in our previous study \[[@pone.0237451.ref019]\]. In brief, EMG signals were extracted by setting a cutoff threshold at the level of mean ± standard deviation over the data of 300-ms period before the CSs in a session and integrated with a 20-ms decay time constant. The integrated EMG signal was considered significant if it exceeded 30% of the threshold. Each trial was judged as valid if it did not show significant EMG signals in more than 30% of the 200-ms pre-CS period. Among the valid trials, a trial was considered to contain the CR if it showed significant EMG signals in more than 30% of the 200-ms pre-US period. We calculated the CR% in each trial type by dividing the number of CR-containing trials by that of valid trials in each trial type of the daily session, the differential CR% by subtracting the CR% in non-cued trials from that in cued trials, and the CR% for overall acquisition by dividing the sum of the number of all CR-containing trials by that of all valid trials in the daily session. All of them were expressed as a percentage. The averaged EMG amplitude was calculated by averaging the integrated EMG amplitude over the first 250 ms of the CS and expressed as a percentage of that averaged over 300 ms before the CS onset. Therefore, the averaged EMG amplitude during the CS does not depend on the CR judgment. Also, the latencies from the CS onset to the time when the integrated EMG signal exceeded 30% of the threshold for the first time (onset latency) and to the peak of integrated EMG signal (peak latency) were calculated as well as the peak amplitude in each CR-containing trial.

2.6. Statistical analyses {#sec008}
-------------------------

Statistical analyses were carried out using the SPSS statistical software (SPSS, Chicago, IL, USA). Data were expressed as the mean ± standard error of the mean (SEM). Using the two-way repeated-measures ANOVA or the paired *t*-test, differences in measured values were analyzed. Differences were considered statistically significant when the p-value was less than 0.05.

3. Results {#sec009}
==========

3.1. Effects on the acquisition of the discriminative conditioned response {#sec010}
--------------------------------------------------------------------------

In the serial feature-positive discrimination, animals received two kinds of randomly alternating trials, cued reinforced trials and non-cued non-reinforced trials ([Fig 1A](#pone.0237451.g001){ref-type="fig"}). In the cued trials mice received a serial presentation of a feature conditional cue of green light and the conditioned stimulus (CS) of 1-kHz tone with a random temporal gap between them, followed by the unconditioned stimulus (US) of periorbital shock, while in the non-cued trials mice received only the CS without the preceding conditional cue. The conditioned responses (CRs) to the CS was monitored by recording the eyelid electromyograms (EMGs) ([Fig 1B](#pone.0237451.g001){ref-type="fig"}). Mice received an intraperitoneal injection of the vehicle (5 ml/kg of 5% dimethyl sulfoxide; DMSO) or VU0255035 (10 mg/kg) before the daily conditioning session.

Consistent with our previous results \[[@pone.0237451.ref019]\] the vehicle-injected control mice successfully learned to display a much higher number of CRs in cued trials than in non-cued trials ([Fig 2Aa](#pone.0237451.g002){ref-type="fig"}), despite the identical CS in both types of trials. The frequency of CR occurrence (CR%) reached around 50% in cued trials (50.3 ± 5.3% on the last day of acquisition), whereas it remained low around 20% in non-cued trials (18.5 ± 3.5% on the last day of acquisition). Two-way repeated-measures analysis of variance (ANOVA) demonstrated that mice acquired the discrimination between cued and non-cued trials (session F(8, 56) = 7.99, p \< 0.001, trial-type F(1, 7) = 91.2, p \< 0.001, session × trial-type interaction F(8, 56) = 8.6, p \< 0.001). We also confirmed the successful discrimination between the cued and non-cued context by examining the EMG amplitude averaged over the first 250 ms of CS in all valid trials of each type, irrespective of the CR occurrence. The EMG amplitude was expressed as a percentage of that averaged over 300 ms before the CS ([Fig 3A](#pone.0237451.g003){ref-type="fig"}). The average EMG amplitude increased to around 700% in cued trials during 7 days of conditioning ([Fig 3Aa](#pone.0237451.g003){ref-type="fig"}; 717.2 ± 154.7% in the last acquisition day), whereas it remained low around 250% in non-cued trials ([Fig 3Aa](#pone.0237451.g003){ref-type="fig"}; 277.7 ± 87.4% in the last acquisition day). Two-way repeated-measures ANOVA of the average EMG amplitude revealed significant effects of session (F(8, 56) = 4.96, p \< 0.05) and trial type (F(1, 7) = 78.91, p \< 0.001), and a significant interaction between session and trial type (F(8, 56) = 10.11, p \< 0.001).

![Effects on the occurrence of the conditioned response (CR).\
(A) The frequency of the CR occurrence (CR%) in cued (circles) and non-cued (triangles) trials in vehicle-injected control (a) and VU0255035-treated (b) groups. After two days of adaptation sessions (sp1--2), 8 mice of each group underwent 7 days of conditioning for the acquisition of the conditional CRs (acq1--7), followed by three days of conditioning with an injection of an exchanged solution to test the effects on expression of the acquired CR (exp1--3). Empty and closed symbols denote the administration of the vehicle and VU0255035, respectively. (B, C) The differential CR% calculated by subtracting the CR% in non-cued trials from that in cued trials (B) and the overall CR% calculated from the total number of CRs during the session irrespective of the trial types (C) in vehicle-injected control (squares) and VU0255035-treated (diamonds) groups. Empty and closed symbols indicate the administration of the vehicle (marked as vehicle (+)) and VU0255035 (denoted as VU0255035 (+)), respectively. The vertical bars indicate the standard error of the mean.](pone.0237451.g002){#pone.0237451.g002}

![Effects on the EMG amplitudes during the CS.\
(A) The averaged EMG amplitude over the first 250 ms of CS, expressed as a percentage of that averaged over 300 ms before the CS onset, in cued (circles) and non-cued (triangles) trials in (a) vehicle-injected control (n = 8) and (b) VU0255035-treated (n = 8) groups. (B) The differences in the averaged EMG amplitudes between cued and non-cued trials in control (squares) and VU0255035-treated (diamonds) groups. Empty and closed symbols represent the administration of the vehicle (denoted as vehicle (+)) and VU0255035 (marked as VU0255035 (+)), respectively. The vertical bars indicate the standard error of the mean.](pone.0237451.g003){#pone.0237451.g003}

Compared to the control mice, VU0255035-injected mice showed moderate learning: the CR% reached the plateau at around 30% in cued trials (34.0 ± 8.2% in the last day of acquisition), whereas it remained around 15% in non-cued trials (14.9 ± 2.8% in the last day of acquisition) ([Fig 2Ab](#pone.0237451.g002){ref-type="fig"}). A statistical comparison using two-way repeated-measures ANOVA revealed significant effects of session (F(8, 56) = 5.28, p \< 0.001) and trial type (F(1,7) = 33.67, p \< 0.01), as well as a significant interaction between session and trial type (F(8,56) = 3.59, p \< 0.05). Analysis of the EMG amplitude averaged over the first 250 ms of CS also confirmed the moderate learning in VU0255035-injected mice ([Fig 3Ab](#pone.0237451.g003){ref-type="fig"}). The average EMG amplitude increased to around 450% in cued trials (458.0 ± 87.0% in the last acquisition day), whereas it remained low around 200% in non-cued trials (202.1 ± 26.6% in the last acquisition day). Two-way repeated-measures ANOVA of the average EMG amplitude revealed a significant effect of trial type (F(1,7) = 36.75, p \< 0.05) and a significant interaction between session and trial type (F(8,56) = 6.73, p \< 0.001), but no significant effect of session (F(8,56) = 2.94, p \> 0.05).

To compare the acquisition of discrimination in the drug-treated mice with that in control mice, we subtracted the CR% value in non-cued trials from that in cued trials in each mouse ([Fig 2B](#pone.0237451.g002){ref-type="fig"}). Both groups of mice developed differential CRs, but the degree of discrimination was much lower in VU0255035-injected mice than in control mice. The differential CR% reached around 30% in control mice, whereas it remained low around 15% in VU0255035-treated mice. Two-way repeated-measures ANOVA revealed significant effects of session (F(8,56) = 10.19, p \< 0.001) and group (F(1,7) = 18.58, p \< 0.05), but no interaction between session and group (F(8,56) = 0.85, p \> 0.05), indicating that VU0255035 impaired acquisition of the discrimination between the cued and non-cued contexts. Analysis of the difference in the EMG amplitude averaged over the first 250 ms of CS also confirmed the inhibitory effect of VU0255035 on the acquisition of discrimination ([Fig 3B](#pone.0237451.g003){ref-type="fig"}). The differential EMG amplitude increased to around 450% in control mice during 7 days of conditioning, whereas it remained low around 250% in VU0255035-treated mice. Two-way repeated-measures ANOVA revealed significant effects of session (F(8,56) = 15.81, p \< 0.001) and group (F(1,7) = 6.49, p \< 0.05), but no significant interaction between session and trial type (F(8,56) = 1.05, p \> 0.05).

To further examine the effects of VU0255035, the overall frequency of CR occurrence was calculated by combining the number of CR trials in the cued and non-cued trials ([Fig 2C](#pone.0237451.g002){ref-type="fig"}). We found that VU0255035-injected mice developed a fewer number of overall CRs than control mice. The CR% for the overall acquisition was around 35% in control mice, whereas it remained low around 20% in VU0255035-treated mice. Two-way repeated-measures ANOVA revealed significant effects of session (F(8,56) = 10.74, p \< 0.001) and group (F(1,7) = 10.32, p \< 0.05), but no interaction between session and group (F(8,56) = 1.75, p \> 0.05).

3.2. Effects on expression of the pre-acquired conditioned response {#sec011}
-------------------------------------------------------------------

After 7 days of conditioning, the injected solution was changed from the vehicle to VU0255035 in control mice to investigate possible effects of VU0255035 on the expression of the pre-acquired CR. As shown in [Fig 2Aa](#pone.0237451.g002){ref-type="fig"}, VU0255035 did not impair the expression of the pre-acquired CR in the cued trials as well as in the non-cued trials. The CR% in the last acquisition session and the first expression session was 50.3 ± 5.3 and 51.8 ± 10.2%, respectively, in cued trials (p \> 0.05, paired *t*-test) and 18.5 ± 3.5 and 17.0 ± 5.1%, respectively, in non-cued trials (p \> 0.05, paired *t*-test). Consistent with the effect of VU0255035 during acquisition sessions in the drug-treated mice, the CR% in the cued-trials decreased during the three consecutive expression sessions in control mice (F = 8.68, p \< 0.05, one-way ANOVA and post hoc Tukey\`s test, p \< 0.05) and became comparable to those in the late acquisition sessions in the VU0255035-treated mice. These effects of VU0255035 were also confirmed by the analysis of differential CR% ([Fig 2B](#pone.0237451.g002){ref-type="fig"}), overall CR% ([Fig 2C](#pone.0237451.g002){ref-type="fig"}), average EMG amplitude ([Fig 3Aa](#pone.0237451.g003){ref-type="fig"}), and differential EMG amplitude ([Fig 3B](#pone.0237451.g003){ref-type="fig"}). All of these parameters were not significantly changed by the administration of VU0255035 in the first expression session (p \> 0.05 each, paired *t*-test) but showed a tendency to decrease during the three consecutive expression sessions in control mice.

In contrast, when the injected solution was changed from VU0255035 to the vehicle in VU0255035-treated mice, both the CR% in cued and non-cued trials showed a tendency to increase, although there was no significant difference between the last acquisition session and the first expression session (p \> 0.05, paired *t*-test). Besides, CR% in cued-trials remained high during the three expression sessions with vehicle injection ([Fig 2Ab](#pone.0237451.g002){ref-type="fig"}), which was comparable to those in the late acquisition sessions in control mice. The average CR% in cued trials during the last three acquisition sessions and the three expression sessions was 31.6 ± 5.2 and 50.4 ± 10.3%, respectively (p \< 0.05, paired *t*-test), whereas that in non-cued trials, was 14.4 ± 2.1 and 21.1 ± 5.2%, respectively, and showed no significant difference (p \> 0.05, paired *t*-test). These findings were also confirmed by the analysis of differential CR% ([Fig 2B](#pone.0237451.g002){ref-type="fig"}), overall CR% ([Fig 2C](#pone.0237451.g002){ref-type="fig"}), average EMG amplitude ([Fig 3Ab](#pone.0237451.g003){ref-type="fig"}), and differential EMG amplitude ([Fig 3B](#pone.0237451.g003){ref-type="fig"}). All of these parameters showed a tendency to increase in the first expression session compared to the last acquisition session (p \> 0.05 each, paired *t*-test) and kept a high level during the subsequent sessions with vehicle injection in VU0255035-treated mice.

3.3. Effects on the temporal pattern of conditioned response {#sec012}
------------------------------------------------------------

To investigate the effects of VU0255035 on the temporal pattern of CR, the latency from the CS onset to the CR onset (onset latency) and that to the CR peak (peak latency), as well as the amplitude of the CR peak (peak amplitude), were examined (see details in materials and methods).

Consistent with our previous results \[[@pone.0237451.ref019]\], the onset latency of CR in control mice was shorter in cued trials than in non-cued trials during the latter half of the acquisition sessions ([Fig 4A](#pone.0237451.g004){ref-type="fig"}). The average onset latency over the last 4 days of acquisition sessions in cued and non-cued trials was 91.5 ± 3.8 and 112.7 ± 5.5 ms, respectively, and showed a significant difference between the trial types (p \< 0.01, paired *t*-test). In contrast, the difference in the onset latency tended to be small in VU0255035-injected mice ([Fig 5A](#pone.0237451.g005){ref-type="fig"}). The average onset latency over the last 4 days of acquisition sessions in cued and non-cued trials was 96.2 ± 4.8 and 104.6 ± 6.3 ms, respectively, and showed no significant difference between the trial types (p \> 0.1, paired *t*-test).

![Change of the temporal parameters of CR in the control group.\
Onset latency (A), peak latency (B), and peak amplitude (C) of CR in cued (circles) and non-cued (triangles) trials of vehicle-injected control group mice (n = 8). Empty and closed symbols illustrate the administration of the vehicle and VU0255035, respectively. The vertical bars indicate the standard error of the mean.](pone.0237451.g004){#pone.0237451.g004}

![Change of the temporal parameters of CR in the VU0255035-administered group.\
Onset latency (A), peak latency (B), and peak amplitude (C) of CR in cued (circles) and non-cued (triangles) trials of VU0255035-treated mice group (n = 8). Empty and closed symbols represent the administration of the vehicle and VU0255035, respectively. The vertical bars indicate the standard error of the mean.](pone.0237451.g005){#pone.0237451.g005}

In contrast to the onset latency of CR, the peak latency ([Fig 4B](#pone.0237451.g004){ref-type="fig"}) and the peak amplitude ([Fig 4C](#pone.0237451.g004){ref-type="fig"}) were similar between the cued and non-cued trials in control mice, as reported in our previous results \[[@pone.0237451.ref019]\]. The average peak latency over the last 4 days of acquisition sessions in cued and non-cued trials was 147.3 ± 5.2 and 154.0 ± 7.3 ms, respectively, and showed no significant difference (p \> 0.05, paired *t*-test). The average peak amplitude over the last 4 days of acquisition sessions in cued and non-cued trials was 76.5 ± 2.8 and 70.1 ± 3.9%, respectively, and showed no significant difference (p \> 0.05, paired *t*-test). The VU0255035-injected mice also showed no difference in the peak latency and peak amplitude between cued and non-cued trials ([Fig 5B and 5C](#pone.0237451.g005){ref-type="fig"}). The average peak latency over the last 4 days of acquisition sessions in cued and non-cued trials was 144.8 ± 5.9 ms and 155.7 ± 7.7 ms, respectively, and showed no significant difference (p \> 0.05, paired *t*-test). The average peak amplitude over the last 4 days of acquisition sessions in cued and non-cued trials was 85.9 ± 5.4 and 76.7 ± 4.3%, respectively, and showed no significant difference (p \> 0.05, paired *t*-test). Note that there were no differences in the peak amplitude between the control and the VU0255035-injected mice (Figs [4C](#pone.0237451.g004){ref-type="fig"} and [5C](#pone.0237451.g005){ref-type="fig"}), indicating no direct effect of VU0255035 on the expressed CRs.

3.4. Effects on the temporal pattern of the pre-acquired conditioned response {#sec013}
-----------------------------------------------------------------------------

Further analysis of the temporal pattern of CR ([Fig 4A](#pone.0237451.g004){ref-type="fig"}) revealed that VU0255035 administration after sufficient learning in control mice did not significantly change the onset latency in cued trials: 89.6 ± 5.2 ms and 93.5 ± 7.2 ms in the last acquisition session and the first expression session, respectively (p \> 0.05, paired *t*-test), while it increased the onset latency in non-cued trials from 106.7 ± 5.7 ms to 127.2 ± 8.9 ms (p \< 0.05, paired *t*-test). Consistent with the effect of VU0255035 during acquisition sessions in the drug-treated mice ([Fig 5A](#pone.0237451.g005){ref-type="fig"}), the significant difference in the onset latency of CR between cued and non-cued trials in the first expression session (p \< 0.05, paired *t*-test) was diminished by conditioning with VU0255035 administration during the expression sessions in control mice.

In VU0255035-treated mice, the change of the injected solution from VU0255035 to the vehicle did not significantly alter the onset latency of CR in cued and non-cued trials ([Fig 5A](#pone.0237451.g005){ref-type="fig"}; p \> 0.05 each, paired *t*-test): 90.3 ± 6.8 ms and 97.2 ± 4.6 ms in the cued trial of the last acquisition and the first expression sessions, respectively, and 97.5 ± 7.5 ms and 104.5 ± 6.4 ms in the non-cued trial. In quite a contrast to the onset latency of CR during the expression sessions in control mice ([Fig 4A](#pone.0237451.g004){ref-type="fig"}), a difference in the onset latency between the trial types developed during the three consecutive expression sessions (p \< 0.05, paired *t*-test in the third expression session).

In both treatment groups, there were no significant differences in the peak latency and the peak amplitude between the last acquisition session and the first expression session in both cued and non-cued trials (Figs [4B, 4C](#pone.0237451.g004){ref-type="fig"}, [5B and 5C](#pone.0237451.g005){ref-type="fig"}; paired *t*-test, p \> 0.05).

4. Discussion {#sec014}
=============

In the present study, we found that the M1 mAChR antagonist VU0255035 impaired acquisition of the differential CRs between the cued and non-cued trials as well as the overall CRs during the serial feature-positive discrimination task of eyeblink conditioning. However, it did not impair either the pre-acquired discrimination ability or the expression of CR itself after reaching an asymptotic level of learning. These results were almost similar to those with the non-selective mAChR antagonist scopolamine \[[@pone.0237451.ref019]\], suggesting that among the several types of mAChRs the M1 receptors may play an important role in the formation of the conditional discrimination memory.

4.1. Involvement of the M1 mAChRs in the acquisition of the discriminative eyeblink CRs {#sec015}
---------------------------------------------------------------------------------------

The present results suggest that that the M1 mAChRs play an important role in the acquisition of the discriminative eyeblink CRs during the serial feature positive discrimination task, in which participation of the hippocampus \[[@pone.0237451.ref018]\], as well as the mAChRs \[[@pone.0237451.ref019]\], has been suggested. However, several studies using the M1 mAChR deficient mice \[[@pone.0237451.ref035], [@pone.0237451.ref057]\] and VU0255035-treated rats \[[@pone.0237451.ref056]\] demonstrated that the M1 mAChRs are not necessarily required for some kinds of hippocampus-dependent tasks, such as Morris water maze and contextual fear conditioning. Therefore, M1 mAChRs might not directly participate in the hippocampal processing during the discriminative eyeblink CRs. In addition, there might be some contribution of extrahippocampal structures, such as the basal forebrain, which express the M1 mAChRs \[[@pone.0237451.ref041]\] and have close interaction with the hippocampus \[[@pone.0237451.ref005]\]. Further experiments using other types of M1 antagonists together with local administration to the hippocampus will be needed.

4.2. Impairment of overall CRs by blocking the M1 mAChRs {#sec016}
--------------------------------------------------------

Different from our previous results using scopolamine \[[@pone.0237451.ref019]\] the selective blockade of M1 mAChRs using VU0255035 impaired the overall frequency of CRs that was calculated irrespective of the trial types ([Fig 2C](#pone.0237451.g002){ref-type="fig"}). Because the patients with medial temporal lobe amnesia showed impairment in discrimination but not in the overall acquisition of the CRs in the eyeblink conditional discrimination \[[@pone.0237451.ref024]\], the effect of selective M1 blockade with VU0255035 might not be related to the role of the hippocampus in this discrimination task, suggesting a contribution of other areas, particularly the basal forebrain, which express the M1 mAChRs \[[@pone.0237451.ref041]\].

There are two possible causes for this impairment. One is a direct inhibitory effect on the CR expression. But this might not be the case, because the administration of VU0255035 after sufficient learning in control mice did not impair expression of the pre-acquired CRs in cued trials as well as the discrimination between the cued and non-cued trials (Figs [2Aa](#pone.0237451.g002){ref-type="fig"} and [3Aa](#pone.0237451.g003){ref-type="fig"}), showing no impairment in overall CRs ([Fig 2C](#pone.0237451.g002){ref-type="fig"}). Another possibility is an indirect effect of the decreased contingency between the CS and US on the learning rate, caused by an inability to discriminate the CSs in the different temporal contexts during the conditioning. If an animal could not differentiate the non-cued CS-alone trials from the cued paired trials, the contingency between the CS and US would decline to 50% for that animal, which might lead to a decrease in the acquisition of the CR due to the lower contingency as reported in rabbits \[[@pone.0237451.ref058], [@pone.0237451.ref059]\] and humans \[[@pone.0237451.ref060]\].

4.3. Impairment of the anticipatory temporal pattern of CRs by blocking the M1 mAChRs {#sec017}
-------------------------------------------------------------------------------------

The control mice exhibited a significantly shorter onset latency of the CR in the cued trials than the non-cued trials ([Fig 4A](#pone.0237451.g004){ref-type="fig"}), while there was no significant difference in the peak amplitude of CR between the cued and non-cued trials ([Fig 4C](#pone.0237451.g004){ref-type="fig"}). Similar results and tendencies were observed in our previous report (Fig 4A in \[[@pone.0237451.ref019]\]) and in human conditional discrimination eyeblink conditioning \[[@pone.0237451.ref024]\]. These observations suggest that the preceding conditional cue might affect the initiation of the CR by preparing the subjects for the coming CS. Similar modulatory effects of attention and anticipatory anxiety on the latency of acoustic startle eyeblink reflex have been reported in humans \[[@pone.0237451.ref061]--[@pone.0237451.ref063]\].

In contrast, the VU0255035-treated mice did not show a significant difference in the onset latency of CR between the cued and non-cued trials ([Fig 5A](#pone.0237451.g005){ref-type="fig"}). This effect of VU0255035 on the temporal pattern of CR was similar to that of scopolamine (Rahman et al., 2016), whereas the administration of scopolamine did not affect the CR onset latency in the simple delay eyeblink conditioning in mice \[[@pone.0237451.ref017]\]. Therefore, extinction of the difference in onset latency by blocking the mAChRs might reflect an impairment in preparing for the coming reinforced CS using the preceding light cue, associated with the impairment in differential CR% ([Fig 2B](#pone.0237451.g002){ref-type="fig"}). Similarly, amnesic patients with bilateral medial temporal lobe damage showed the identical onset latency of CR in the reinforced and the non-reinforced trials along with the impairment in discrimination during the eyeblink conditional discrimination task \[[@pone.0237451.ref024]\]. Consistent with these conditional discrimination tasks using a single tone, the rabbits with bilateral hippocampectomy showed almost the same CR onset latencies to the reinforced and the non-reinforced tone CSs during the two-tone discrimination reversal, in which they showed a great impairment \[[@pone.0237451.ref064]\]. Therefore, the M1 mAChRs in the higher brain regions, including the hippocampus, may play an important role in top-down modulation of the temporal pattern of sensorimotor reflex in the relatively complex discrimination tasks.

4.4. Possible mechanism of M1 mAChRs during learning of discriminative conditioned response {#sec018}
-------------------------------------------------------------------------------------------

It has been suggested that the intrinsic neuronal excitability of hippocampal pyramidal neurons in the dorsal CA1 region plays a vital role in successful learning in hippocampus-dependent eyeblink conditioning. A direct involvement of the small conductance potassium (SK) channel in the trace eyeblink conditioning was shown in one study \[[@pone.0237451.ref065]\]. On the other hand, it was revealed that stimulation of the mAChRs in cortical pyramidal neurons promotes the intrinsic plasticity by inhibiting the SK channel \[[@pone.0237451.ref066], [@pone.0237451.ref067]\], suggesting that mAChR--SK channel interaction might play a vital role in successful learning in the trace eyeblink conditioning. Therefore, the present inhibitory effects of the M1 antagonist on the acquisition of differential CRs between the cued and non-cued trials as well as on the overall CRs, but not on the expression, during the serial feature-positive discrimination task might be related to the M1--SK interlink occurring in the higher brain region, including the hippocampus.

5. Conclusions {#sec019}
==============

We have shown that systemic administration of the M1 mAChR antagonist VU0255035 impaired the acquisition of differential CRs between the cued and non-cued trials as well as the overall CRs during the serial feature-positive discrimination task of eyeblink conditioning in mice. However, it did not impair either the pre-acquired discrimination ability or the expression of CR itself after reaching an asymptotic level of learning. These results suggested that M1 receptors may play an important role in the formation of memory for conditional discrimination.

10.1371/journal.pone.0237451.r001
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Response to Reviewers

We thank the reviewers for reading the manuscript carefully and providing productive comments. We have subsequently revised our manuscript titled \"Blockade of the M1 Muscarinic Acetylcholine Receptors Impairs Eyeblink Serial Feature-Positive Discrimination Learning in Mice."

The comments made by each reviewer are first copied below (underlined) and followed by our responses. Each line number indicated with corresponding page number in our reply refers to that in the 'Revised Manuscript with Track Changes', in which the lines are numbered throughout the manuscript.

1\. Since both reviewers pointed out that the authors can't exclude the involvement of other mAChR, I recommend making further description. These concerns are surely strengthen the manuscript, I look forward to hearing the authors reply.

Response: We thank for the careful reading of our manuscript.

In response to this comment, we have changes the sentences and added some lines in the introduction part (lines 77-93 in page 4) as below

Among them, the M1 receptors are most abundantly expressed in the hippocampus, constituting 40‒50% of the total mAChRs \[26-29\]. Studies showed that the M1 receptors are more related to memory functions compared to other mAChRs receptors. \[30-31\]. Besides, the M1 receptors are important for attention and memory in several learning tasks, such as passive avoidance \[32-33\], contextual fear conditioning \[34\], radial arm maze \[35\], T-maze \[36\] and considered as a potential target for memory functions \[37\]. The M2 receptors are also densely expressed in the hippocampus and neocortex. They play a vital role in the inhibitory modulation at dopaminergic terminals \[38-40\] as well as in a general anti-nociception at the spinal cord \[41\], but have a minor role in learning and memory compared to M1 \[42\]. The M3 receptors are found in the brain but at a lower level than other subtypes. They are mostly involved in regulating food intake \[43\] and body growth \[44\]. The M4 receptors are largely expressed in the corpus striatum and considered as a promising target for treating schizophrenia \[45\] and locomotor dysfunction such as Parkinson\'s disease \[46-47\].The M5 receptors are predominantly expressed in the pars compacta of substantia nigra and are the potential target for the treatment of drug addiction \[48\]. Therefore, we focused on the M1 receptors as the first candidate that plays an important role in the serial feature-positive discrimination task of eyeblink conditioning.

Journal Requirements:

Please ensure that you have an ORCID iD and that it is validated in Editorial Manager. To do this, go to 'Update my Information' (in the upper left-hand corner of the main menu), and click on the Fetch/Validate link next to the ORCID field.

Response: Yes I have an ORCID id and I validate it.

Please include a copy of Table 3 which you refer to in your text on page 17.

Response: We have removed the word "table 3" (line 412 in page 18).
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5.Review Comments to the Author

Reviewer \#1:

This experiment utilizes systemic administration of a selective M1 antagonist to assess the receptor\'s involvement in a serial feature-positive classical conditioning paradigm. Using a crossover drug design, these experiments find that the M1 antagonist impairs acquisition of the conditioned response, but not the expression of a previously learned conditioned response. The experiments are well designed and executed, though other factors diminish the impact of this submission. Given that the non-selective antagonist scopolamine has produced similar results that an antagonist of one subtype of muscarinic is sufficient to do the same is not particularly surprising or impactful without other evidence of a dissociation from other muscarinic subtypes or regional specificity of effects.

Response: We thank for the careful reading. In response to this comment, we have changed the sentences and added some lines in the introduction part (lines 77-93 in page 4) as below

Among them, the M1 receptors are most abundantly expressed in the hippocampus, constituting 40‒50% of the total mAChRs \[26-29\]. Studies showed that the M1 receptors are more related to memory functions compared to other mAChRs receptors. \[30-31\]. Besides, the M1 receptors are important for attention and memory in several learning tasks, such as passive avoidance \[32-33\], contextual fear conditioning \[34\], radial arm maze \[35\], T-maze \[36\] and considered as a potential target for memory functions \[37\]. The M2 receptors are also densely expressed in the hippocampus and neocortex. They play a vital role in the inhibitory modulation at dopaminergic terminals \[38-40\] as well as in a general anti-nociception at the spinal cord \[41\], but have a minor role in learning and memory compared to M1 \[42\]. The M3 receptors are found in the brain but at a lower level than other subtypes. They are mostly involved in regulating food intake \[43\] and body growth \[44\]. The M4 receptors are largely expressed in the corpus striatum and considered as a promising target for treating schizophrenia \[45\] and locomotor dysfunction such as Parkinson\'s disease \[46-47\].The M5 receptors are predominantly expressed in the pars compacta of substantia nigra and are the potential target for the treatment of drug addiction \[48\]. Therefore, we focused on the M1 receptors as the first candidate that plays an important role in the serial feature-positive discrimination task of eyeblink conditioning.

It would be helpful to contextualize these studies in terms of how modulating eye-blink conditioning might pertain to clinical features or other human relevant applications.

Response: We thank again for the careful reading. We have pointed out some lines which relate the eyeblink conditioning with the clinical features on human. (lines 73-75 in page 4) and (lines 376-378 in page 16).

These experiments were performed for 60-70 minutes for 10 days during the animal\'s inactive period when most consolidation takes place. Chronic sleep deprivation can impair consolidation of hippocampal dependent conditioning. While a non-drug control is used and the degree of sleep disruption is mild-moderate, application of findings may be limited by a lack of an active period control where sleep patterns have not been chronically disrupted.

Response: We thank again for the careful reading. As pointed out, there was a study that showed impairments in memory consolidation by sleep deprivation "after" the daily eyeblink conditioning (De Zeeuw and Canto, 2020). Although there might be concerns about any adverse effects of sleep interference "during" the eyeblink conditioning, it was shown that there was no difference in memory acquisition or learning rate between the rats conditioned in the light period and those conditioned in the dark period, even in the hippocampus-dependent trace eyeblink conditioning (Weiss et al., 1999).

De Zeeuw CI and Canto CB (2020) Sleep deprivation directly following eyeblink-conditioning impairs memory consolidation. Neurobiology of Learning and Memory, 170, 107165

Weiss C et al. (1999) Trace eyeblink conditioning in the freely moving rat: Optimizing the conditioning parameters. Behav Neurosci., 113:1100-1105.

Clarity of the results could be enhanced by grouping the figures together to reflect how they are presented in the results section or vice-versa. Jumping between figures to compare results between experimental groups is inefficient for the reader\'s understanding of the results. In other words, each section of the results 3.1-3.4 requires jumping from figure set 2 through 5 rather than each results section corresponding to it\'s own figure. Comparisons across figures and between individual experiments would be better saved for the discussion section. While this point is largely stylistic, it will greatly enhance readers\' understanding of the multiple ways these results are parsed.

Response: In response to this comment, we have rearranged the result sections. The first two sections (section 3.1 and 3.2) illustrate the results of figures 2 and 3 (lines 189-289 in pages 9-13). The sections 3.3 and 3.4 describes the results of figures 4 and 5 (lines 290-341 in pages 13-15).

The present study did not provide any evidence of hippocampal dependency or independence, so it is unclear why discussion section 4.1 claims to dissociate their findings from \"hippocampus-dependent\" conditioning or other hippocampus-dependent learning tasks, especially as they cite that serial feature positive discrimination likely involves the hippocampus. The evidence is not compelling to support this distinction from other hippocampus dependent tasks as presented in this data or text. These conclusions reach beyond the scope of the results and inflate the purported impact of the results.

Response: Considering the reviewer's comment, we removed the latter part of discussion section 4.1 to avoid over-speculation (see revised manuscript with track changes indicated by strike-through; lines 364-376 in page 16). Also we have deleted the corresponding references lines 626-629 in pages 27-28).

Discussion section 4.2 goes to great lengths to make the claim that extra-hippocampal M1 activity is involved in acquisition of CRs. This is not particularly controversial, especially as M1 is widely expressed throughout the basal forebrain. But it is unclear how these data are particularly relevant to that point.

Response: According to the reviewer's comment, we removed the latter part of discussion section 4.2 to avoid over-speculation (see revised manuscript with track changes indicated by strike-through; lines 395-405 in pages 17-18). Also we have deleted the corresponding references lines 641-652 in pages 28-29).

Figure 1B needs axis labels for the reader to understand the timecourse and magnitide of the EMG response. In general, all of the figures could use additional annotation pertaining to what each graph is showing and which groups belong to each respective symbol. It is difficult to understand this information as it is presented in the figure legend text, but could be facilitated with additional annotation.

Response: Thanks again for the cautious reading of our manuscript. We have made the changes by labelling the axis and incorporated the corresponding figure legend, mentioned in Page 30; lines 683-684.

In addition, we have incorporated the additional annotation of figures 2 to 5 and rearranged the sentences with adding some words in the corresponding figure legend of figure 2, mentioned in Pages 30-31; lines 696-698 and in Page 31; lines 707-708.

.

Line 381: Hippocampal function is not \"damaged\" by scopolamine, rather it is acutely impaired.

Response: Thanks for the cautious reading of our manuscript. We have deleted the line (line 400 in page 17).

Line 72-73: Sentence fragment, should be separated from following sentence with a comma

Response: Thanks again for the careful reading of our manuscript. We have separated the sentences by using comma (line 74 in page 4).

Line 148: \"band-path filtered\" should likely be band-pass filtered

Response: We have made the changes by writing "band-pass filtered" in place of \"band-path filtered\" (line 161 in page 7).

Line 206-207: \"showed a moderate learning\", should read showed moderate learning. No \'a\' required.

Response: We have made the changes by deleting 'a' from the \"showed a moderate learning\" (line 219-220 in page 10).

Reviewer\#2:

If the authors choose to not expand their study to include other receptor subtypes, they need to at least add more detail on the M1 blockade used here. The use of a pharmacological, rather than a genetic approach, and only one drug, weakens the study. The authors need to comment on the selectivity of VU0255035, and at the very least discuss the limited approach as a serious caveat. The absence of a discussion is not beneficial to the paper. One aspect to be discussed for sure is the mechanism by which mAChRs might act.

Response: We thank to the reviewer for arising such type of important query. In

response to this comment, we have discussed the mechanism by which M1

subtypes act in the manuscript in pages: 19-20; lines 434-447. The lines are as

below

4.4. Possible mechanism of M1 mAChRs during learning of discriminative conditioned response

It has been suggested that the intrinsic neuronal excitability of hippocampal pyramidal neurons in the dorsal CA1 region plays a vital role in successful learning in hippocampus-dependent eyeblink conditioning. A direct involvement of the small conductance potassium (SK) channel in the trace eyeblink conditioning was shown in one study \[60\]. On the other hand, it was revealed that stimulation of the mAChRs in cortical pyramidal neurons promotes the intrinsic plasticity by inhibiting the SK channel \[61, 62\], suggesting that mAChR‒SK channel interaction might play a vital role in successful learning in the trace eyeblink conditioning. Therefore, the present inhibitory effects of the M1 antagonist on the acquisition of differential CRs between the cued and non-cued trials as well as on the overall CRs, but not on the expression, during the serial feature-positive discrimination task might be related to the M1‒SK interlink occurring in the higher brain region, including the hippocampus.
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